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ABSTRACT
Radio sources are expected to have formed at high redshifts, producing an excess radi-
ation background above the cosmic microwave background (CMB) at low frequencies.
Their effect on the redshifted 21-cm signal of neutral hydrogen is usually neglected,
as it is assumed that the associated background is small. Recently, an excess radio
background above the level of the CMB has been proposed as one of the possible
explanations for the unusually strong 21-cm signal from redshift z ∼ 17 reported by
the EDGES collaboration. As a result, the implications of a smooth and extremely
strong excess radio background on both the sky-averaged (global) 21-cm signal and
its fluctuations have been considered. Here we take into account the inhomogeneity of
the radio background created by a population of high-redshift galaxies, and show that
it adds a new type of 21-cm fluctuations to the well-known contributions of density,
velocity, Ly-α coupling, heating and reionization. We find that a population of high-
redshift galaxies even with a moderately-enhanced radio efficiency (unrelated to the
EDGES result) can have a significant effect on the 21-cm power spectrum and global
signal in models with weak X-ray heating. For models that can explain the EDGES
data, we conduct a large parameter survey to explore their signatures. We show that
in such models the 21-cm power spectrum at z ∼ 17 is enhanced by up to two or-
ders of magnitude compared to the CMB-only standard case, and the shape and time
evolution of the power spectrum is significantly modified by the radio fluctuations.
These fluctuations are within reach of upcoming radio interferometers. We also find
that these models can be significantly constrained by current and future observations
of radio sources.
Key words: cosmology: dark ages, reionization, first stars – cosmology: theory –
cosmology: early Universe
1 INTRODUCTION
The faint 21-cm signal of high-redshift neutral hydrogen,
made visible against the background radiation by the light
of the first stars and galaxies, is currently one of the ma-
jor targets of observational astronomy. The first tentative
detection of the sky-averaged (global) signal from cosmic
dawn, an epoch roughly corresponding to the redshift range
of z ∼ 15 − 27, was recently reported by the EDGES collab-
oration (Bowman et al. 2018). With the true nature of this
signal still being debated (e.g., Hills et al. 2018; Bradley et al.
2019; Singh & Subrahmanyan 2019; Spinelli et al. 2019; Sims
& Pober 2020), fast advances are being made to validate this
detection using radiometers such as the Large-Aperture Ex-
? E-mail: itamarreis@mail.tau.ac.il
periment to Detect the Dark Ages (LEDA, Bernardi et al.
2016; Price et al. 2018), the Shaped Antenna measurement
of the background RAdio Spectrum (SARAS, Patra et al.
2013; Singh et al. 2018), Probing Radio Intensity at high-Z
(PRIZM, Philip et al. 2019), the Mapper of the IGM Spin
Temperature1 (MIST), and the Radio Experiment for the
Analysis of Cosmic Hydrogen2 (REACH), and interferome-
ters such as the low band of the Low Frequency Array (LO-
FAR, Gehlot et al. 2019), the Hydrogen Epoch of Reion-
ization Array (HERA, DeBoer et al. 2017) and the Square
Kilometer Array (SKA) (SKA, Koopmans et al. 2015).
The hydrogen radio signal from the Epoch of Reion-
ization (EoR, z ∼ 6 − 15, e.g., Planck Collaboration et al.
1 http://www.physics.mcgill.ca/mist/
2 https://www.kicc.cam.ac.uk/projects/reach
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2018) and cosmic dawn is produced by atoms located in the
intergalactic medium (IGM) at the rest-frame 1.42 GHz fre-
quency, corresponding to a wavelength of 21 cm. Due to the
expansion of the Universe, the signal redshifts and can be
detected by radio telescopes at frequencies below 200 MHz
against the background radiation, which is usually assumed
to be the cosmic microwave background (CMB). The 21-cm
signal is sensitive to the thermal and ionization states of the
IGM and, thus, probes the formation of the first stars and
galaxies through their effect on the gas (e.g., see Barkana
2018a; Mesinger 2019). As the first sources of light turn
on, their radiation impacts the 21-cm signal through sev-
eral processes. Perhaps the most important effect, owing to
which the 21-cm signal becomes distinguishable from the
background radiation, is coupling of the hydrogen spin tem-
perature (the effective temperature of the 21cm transition)
to the kinetic gas temperature by stellar Ly-α photons (the
Wouthuysen-Field, or WF, effect, Wouthuysen 1952; Field
1958). Because at the dawn of star formation the thermal
evolution of the IGM is dominated by adiabatic cooling, the
gas temperature is lower than that of the background and
the resulting 21-cm signal is seen in absorption. As the first
population of astrophysical sources evolves, X-ray binaries
form and contribute to the heating budget, driving the tem-
perature of the gas up. Depending on its efficiency, the astro-
physical heating can result in either an absorption or emis-
sion 21-cm signal at the EoR redshifts (Fialkov et al. 2014).
Finally, the process of reionization takes place, in which ul-
traviolet (UV) photons produced by stars ionize the inter-
galactic hydrogen and eliminate the 21-cm signal from the
IGM.
Out of the outlined scenario, the strongest constraints
are on the EoR, owing to it being more accessible observa-
tionally. Galaxy surveys provide insight on the process of
star formation and constrain properties of galaxies at z . 10
(e.g., see Behroozi et al. 2019, and references therein); mean-
while, the ionization history is constrained by observations
of high redshift quasars and galaxies that suggest that the
Universe was largely neutral at z & 7.5 (e.g., Mason et al.
2018; Ban˜ados et al. 2018) in agreement with measurements
of the CMB temperature and polarization by the Planck
satellite (e.g., Planck Collaboration et al. 2018).
Radio telescopes have begun to contribute to the un-
derstanding of cosmic dawn and the EoR. The tentative
EDGES detection, if true, requires efficient star formation
at z ∼ 20 (Fialkov & Barkana 2019; Mirocha & Furlan-
etto 2019; Schauer et al. 2019) and, thus, could be the first
real evidence for the first population of stars. Other high-
redshift experiments are publishing upper limits which, how-
ever, are still too weak to significantly constrain theoretical
models (Bernardi et al. 2016; Eastwood et al. 2019; Gehlot
et al. 2019). At lower redshifts associated with the EoR,
non-detections of the global signal have been reported, rul-
ing out possible astrophysical scenarios that include a cold
IGM and/or abrupt reionization (Monsalve et al. 2017, 2018,
2019; Singh et al. 2018). At the same time, upper limits on
the fluctuations in the signal are being set using interfer-
ometers such as LOFAR (Mertens et al. 2020), which has
recently allowed us to constrain the thermal and ioniza-
tion properties of the IGM as well as the amplitude of the
radio background at z = 9.1 (Ghara et al. 2020; Mondal
et al. 2020); other interferometers include the Precision Ar-
ray to Probe the Epoch of Reionization (PAPER, Kolopanis
et al. 2019), the Murchison Wide-field Array (MWA, Barry
et al. 2019; Trott et al. 2020), and the GMRT-EoR experi-
ment (Paciga et al. 2011). Meanwhile, arrays under construc-
tion, including HERA, the SKA, and the New Extension in
Nancay Upgrading LOFAR (NenuFAR, Zarka et al. 2012),
promise to provide accurate measurements of the fluctua-
tions from a wide range of redshifts and scales.
The recent EDGES detection (Bowman et al. 2018) has
motivated new directions for theoretical study. There are
two plausible categories of explanations of the anomalously
deep signal of −500+200−500 mK at z ∼ 17. One involves a baryon
- dark matter interaction that can produce faster than adi-
abatic cooling of the gas (Barkana 2018b; Berlin et al. 2018;
Barkana et al. 2018; Mun˜oz & Loeb 2018; Liu et al. 2019).
The other category, which we focus on in this paper, involves
an excess radio background at high redshifts above the level
of the CMB (Bowman et al. 2018; Feng & Holder 2018;
Ewall-Wice et al. 2018; Fialkov & Barkana 2019; Mirocha
& Furlanetto 2019; Ewall-Wice et al. 2020). High-redshift
sources, such as radio loud active galactic nuclei (AGN, Urry
& Padovani 1995; Biermann et al. 2014; Bolgar et al. 2018;
Ewall-Wice et al. 2018, 2020) or star-forming galaxies (Con-
don 1992; Jana et al. 2019), could contribute to the radio
background, thus affecting the 21-cm signal. The properties
of typical high-redshift radio galaxies are poorly understood
due to the lack of sensitive observations. Bright radio galax-
ies are seen out to z ∼ 5 and are extremely rare (Miley &
De Breuck 2008), while the unresolved population might be
contributing to the diffuse radio background as suggested by
Bridle (1967). The excess of the radio background above the
CMB level, observed by ARCADE2 (Fixsen et al. 2011; Seif-
fert et al. 2011) and confirmed by LWA1 (Dowell & Taylor
2018), could partially be explained by a population of high-
redshift unresolved sources, although it is still highly un-
certain what fraction of the excess is of extragalactic origin
(e.g., see Subrahmanyan & Cowsik 2013). Dowell & Taylor
(2018) showed that the observed excess has a spectral index
of −2.58 and a brightness temperature of ∼ 603 K at the
rest-frame 21-cm frequency.
Assuming a phenomenological parameterization of a
high-redshift radio excess with a synchrotron spectrum, Fi-
alkov & Barkana (2019) showed that it could explain the
EDGES signal even if it made up only a small fraction (half
a percent) of the excess observed by ARCADE2 and LWA1.
Such a contribution could be created by exotic agents, e.g.,
annihilating dark matter or super-conducting cosmic strings
(Fraser et al. 2018; Pospelov et al. 2018; Brandenberger et al.
2019). Such models are generally less strongly constrained
by other observations than the dark matter cooling models
from the alternative class of explanations. Still, astrophysical
radio sources would provide a much more natural explana-
tion of an early radio excess. However, all proposed models
face challenges to create such a strong excess radio emission
as required by EDGES. For example, Mirocha & Furlanetto
(2019) assumed a ratio emissivity proportional to the star
formation rate (SFR), as observed for present-day galaxies
(Gu¨rkan et al. 2018), and found that high redshift galaxies
need to be 1000 times brighter in radio than their present-
day counterparts in order to explain the EDGES signal.
Ewall-Wice et al. (2020) explored the possibility of radio-
loud accretion onto black holes. One of the difficulties of this
MNRAS 000, 1–17 (2020)
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model is the expected suppression of synchrotron emission
from relativistic electrons due to inverse Compton scattering
of these electrons off the CMB, which is stronger at high red-
shifts than today owing to the higher energy density of the
CMB (Ghisellini et al. 2014; Saxena et al. 2017). Jana et al.
(2019) considered radio emission from supernova explosions
of massive population III stars. However, this model also
predicts the production of cosmic rays which can heat the
IGM and significantly counteract the effect of the enhanced
radio background on the 21-cm signal.
All the above-mentioned studies focused on the impli-
cations of an anomalously strong and smooth excess radio
background on the global 21-cm signal, with the exception
of Fialkov & Barkana (2019) who considered the impact of
a smooth background on the 21-cm fluctuations but also de-
rived an analytical formula to include the radio background
fluctuations in the linear regime. In this work we explore the
21-cm implications of an excess radio background produced
by galactic halos, accounting fully for its non-linear spatial
inhomogeneity. We focus on three main points: (1) assuming
that the radio emission scales with the SFR of each galac-
tic halo, we use semi-numerical methods to explore the im-
pact of a non-uniform radio background on both the global
21-cm signal and the fluctuations; (2) we quantify the con-
tribution of a standard population (i.e., not normalized to
explain EDGES) of radio galaxies to both the global 21-cm
signal and the fluctuations; and (3) we conduct a large pa-
rameter study to investigate the implications of the EDGES-
motivated scenarios for the 21-cm power spectra.
This paper is organized as follows: In Aˆg˘ 2 we briefly
review our 21-cm simulation. In Aˆg˘ 3 we describe the frame-
work used to include the excess radio background in the
simulation and summarize the effects of the excess radio
background on the 21-cm signal. In Aˆg˘ 4 we explore the
signature of the radio background fluctuations on the 21-cm
signal. In Aˆg˘ 5 we consider a standard population of high-
redshift radio galaxies (too weak to explain EDGES), and
explore their signature in the 21-cm signal. In Aˆg˘ 6 we per-
form a parameter study, looking at the range of possible 21-
cm power spectra in model that fit the EDGES global signal
result and constrain model parameters using the EDGES de-
tection. We summarize in Aˆg˘ 7. Throughout this paper we
adopt cosmological parameters from Planck Collaboration
et al. (2014). All scales and wavenumbers are in comoving
units.
2 METHODS
We use our own semi-numerical code to calculate the 21-
cm signal (e.g., Visbal et al. 2012; Fialkov & Barkana 2014;
Cohen et al. 2017; Fialkov & Barkana 2019). The simula-
tion computes all the required ingredients necessary for the
evaluation of the 21-cm signal, such as the density and ki-
netic temperature of the gas, the coupling coefficient, spin
temperature and the neutral fraction. All these quantities
are calculated on a 1283 grid (for the purposes of this work)
with a resolution of 3 comoving Mpc. At the output of the
simulation we obtain cubes of the 21-cm brightness temper-
ature and calculate the global signal and its spherically av-
eraged power spectrum at every redshift. The code was orig-
inally inspired by the architecture of 21cmFAST (Mesinger
et al. 2011), but has a completely independent implementa-
tion and some different ingredients.
The initial conditions generator receives as inputs power
spectra of density and velocity fields (calculated using the
publicly available code CAMB, Lewis et al. 2000) and out-
puts three-dimensional cubes of density fluctuations and
relative velocity between dark matter and baryons (Tseli-
akhovich & Hirata 2010). The density and velocity fields
are evolved using linear perturbation theory. The number
of dark matter halos in each cell of 33 comoving Mpc3 is
determined based on the values of the local density and rel-
ative velocity and is derived at each redshift using a modi-
fied Press-Schechter model (Press & Schechter 1974; Sheth
& Tormen 1999; Barkana & Loeb 2004).
Galaxies are assumed to form in halos with circular ve-
locity higher than a minimum threshold, Vc , in which stars
form with a star formation efficiency f∗. The circular veloc-
ity is related to the minimum mass M of dark matter halo
in which stars can form through
Vc = 16.9
(
M
108M
)1/3 ( 1 + z
10
)1/2 (
Ωmh2
0.141
)1/6 (
∆c
18pi2
)1/6
km s−1 ,
(1)
where ∆c is the ratio between the collapsed density and
the critical density at the time of collapse, and equals 18pi2
for spherical collapse. In addition to this cutoff, we also
implement suppression in star formation (realized as an
environment-dependent boost in the minimum mass of star
forming halos) due to the relative velocity between dark mat-
ter and baryons (Tseliakhovich & Hirata 2010; Fialkov et al.
2012), Lyman-Werner feedback (Haiman et al. 1997; Fialkov
et al. 2013), and photoheating feedback (Rees 1986; Sobac-
chi & Mesinger 2013; Cohen et al. 2016). The efficiency f∗ is
assumed to be constant for halos above the atomic cooling
threshold corresponding to Vc = 16.5 km s−1, and features
a logarithmic suppression in halos down to the molecular
cooling threshold of Vc = 4.2 km s−1 (for details see Cohen
et al. 2019).
Given a population of galaxies we calculate the radia-
tion fields that affect the IGM and, thus, the 21-cm signal.
The intensity of the Ly-α radiation, Jα, is calculated assum-
ing galaxies contain population II stars (the modification of
radiation intensities that corresponds to population III stars
is small compared to the wide range of astrophysical param-
eters that we consider here). Jα regulates the strength of
the WF coupling and also contributes to the heating of the
IGM (see below). The X-ray luminosity of galactic halos is
assumed to scale with their star formation rate, as is the
case for observed galaxies (e.g., Mineo et al. 2012; Fragos
et al. 2013; Fialkov et al. 2014; Pacucci et al. 2014), with an
efficiency factor fX , where fX = 1 corresponds to the X-ray
luminosity of present-day galaxies located in low-metallicity
regions. For the majority of this work we assume that the
X-ray spectral energy distribution (SED) has a power law
shape with a slope α and a low-frequency cutoff νmin. How-
ever, we also make use of a realistic SED derived by Fragos
et al. (2013) for a population of high-redshift X-ray binaries.
This SED peaks at energies of ∼ 3 keV, resulting in a rel-
atively hard X-ray emission. Its effects on the 21-cm signal
(compared to a softer power-law SED) have been discussed
by Fialkov et al. (2014). Reionization is implemented us-
MNRAS 000, 1–17 (2020)
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ing the excursion set formalism (Furlanetto et al. 2004), in
which a region is assumed to be ionized if the collapsed frac-
tion exceeds a ζ−1 threshold, where ζ is the overall ionizing
efficiency of sources. In our models there is one-to-one corre-
spondence between ζ and the CMB optical depth, τ (when
other parameters are fixed, see discussion in Cohen et al.
2019), and higher values of ζ at higher Vc are needed to give
the same τ. Because τ (rather than ζ) is constrained obser-
vationally (e.g., by the Planck satellite Planck Collaboration
et al. 2018), we usually choose to work with τ. The ionizing
photons are assumed to travel up to a maximum distance set
by the mean free path, Rmfp (e.g., Greig & Mesinger 2015).
Finally, an excess radio background above the CMB tem-
perature can be present, and its impact on the 21-cm signal
is reviewed in the next section. Fialkov & Barkana (2019)
considered a homogeneous external radio background model
(i.e., not constrained to be directly related to the astrophys-
ical sources) with a synchrotron spectrum of spectral index
β = −2.6 and amplitude Ar relatively to the CMB at the
reference frequency of 78 MHz (the central frequency of the
absorption trough detected by EDGES). In such a model,
the excess radio background over the CMB at redshift z and
at the intrinsic 21-cm frequency of 1.42 GHz is given by
TRadio = 2.725(1 + z) ×
[
1420
78(1 + z)
]β
Ar K , (2)
where 2.725 K is the CMB temperature today. Our model,
thus, is based on eight free parameters: f∗, Vc , fX , α, νmin,
τ (or ζ), Rmfp and the amplitude of the radio background.
See Cohen et al. (2019) and Fialkov & Barkana (2019) for
more details on the semi-numerical simulation.
The interplay between different radiative fields in their
impact on the 21-cm signal is non-trivial owing to the fact
that the different fields can produce 21-cm fluctuations at
different scales. In addition, the contribution of these differ-
ent sources of 21-cm fluctuations can either correlate or anti-
correlate. For example, Ly-α radiation acts to deepen the
absorption signal via the WF coupling, while (when the gas
is colder than the background radiation) X-rays tend to re-
duce it by heating up the gas. Therefore, the contributions of
the Ly-α and X-ray fields to the 21-cm signal anti-correlate,
creating two peaks in the 21-cm power spectrum when seen
at a fixed comoving scale as a function of redshift (e.g., see
Cohen et al. 2018, and also Fig. 2 below). The highest-
redshift cosmic dawn peak is typically dominated by Ly-α
emission and can be located anywhere between z ∼ 13 − 35
(e.g., Fig.4 of Cohen et al. 2018). The presence or absence
of the X-ray peak (at z . 25) depends on the properties of
the X-ray sources, most importantly on their SED (Fialkov
et al. 2014; Pacucci et al. 2014; Fialkov & Barkana 2014;
Cohen et al. 2018). Hard X-ray photons with νmin & 1 keV
have a long mean free path of a few hundred comoving Mpc,
washing out X-ray fluctuations. In this case the X-ray peak
might not be apparent in the power spectrum. On the other
hand, soft X-ray sources (loosely defined as sources with an
SED peaking at frequencies below νmin ∼ 1 keV) are efficient
in heating up the gas on smaller scales and thus imprint
the X-ray peak in the power spectrum. At lower redshifts,
a reionization peak is typically present with the maximum
power at the redshift corresponding to a neutral fraction of
∼ 50%. The effect of an enhanced radio background, and
how it might modify this picture, are described in the rest
of this paper.
In this work we use an upgraded version of our code. In-
stead of the phenomenological homogeneous external radio
background, we consider a galactic radio background, i.e.,
a fluctuating field produced by radio galaxies (see Aˆg˘ 3 for
more details). Moreover, compared to the previous version,
here we include a number of new physical processes that
make our simulation more realistic:
(i) We use a Poisson realization of the mean number of
halos in each pixel (more accurately, the mean number of
halos created in each time step), instead of the mean num-
ber itself. Poisson fluctuations in the spatial distribution of
galaxies are important when the radiation backgrounds are
dominated by a relatively small number of rare galaxies.
(ii) We include the effect of multiple scattering of Ly-α
photons on their spatial distribution. While previously Ly-
α photons were assumed to travel in straight lines between
emission and absorption, here we take into account the fact
that these photons can scatter off the wings of the Ly-α line,
before being absorbed at the line center. This results in pho-
tons traveling smaller effective distances from their sources
and enhances the spatial fluctuations in Jα, and thus fluctu-
ations in the coupling field and in the 21-cm signal (Chuzhoy
& Zheng 2007; Semelin et al. 2007; Naoz & Barkana 2008).
(iii) The heating of the IGM by Ly-α photons is also taken
into account. This heating mechanism is significant in mod-
els with highly inefficient X-ray heating, i.e., with very low
fX (e.g., Chen & Miralda-Escude´ 2004; Chuzhoy & Shapiro
2006; Ghara & Mellema 2019).
We discuss these effects in more detail in Reis et al.
(2020a,b).
3 THE EXCESS RADIO BACKGROUND
An excess radio background enhances the contrast between
the spin temperature and the background radiation temper-
ature, decreases the strength of the coupling between the
spin temperature and the kinetic gas temperature (e.g., Feng
& Holder 2018), and enhances the radiative heating (e.g., Fi-
alkov & Barkana 2019).
The brightness temperature of the 21-cm signal, T21,
is determined by the contrast between the neutral hydro-
gen spin temperature, TS, and the temperature of the back-
ground radiation field, Trad:
T21 =
TS − Trad
1 + z
(1 − e−τ21 ) . (3)
Here τ21 is the 21-cm optical depth
τ21 =
3hplA10cλ221nH
32pikBTS(1 + z)dv/dr
, (4)
where dv/dr = H(z)/(1+ z) is the gradient of the line of sight
component of the comoving velocity field, H(z) is the Hub-
ble rate, A10 is the spontaneous decay rate of the hyper-fine
transition, and nH is the neutral hydrogen number density
which depends on the ionization history driven by both ul-
traviolet and X-ray photons. The rest of the parameters as-
sume their standard definitions. A useful approximation for
MNRAS 000, 1–17 (2020)
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the 21-cm brightness temperature in the low optical depth
regime (τ21  1) is given by
T21 ≈ 26.8
(
Ωbh
0.0327
) (
Ωm
0.307
)−1/2 ( 1 + z
10
)1/2
(1 + δ)xHI xtot1 + xtot
(
1 − Trad
TK
)
mK . (5)
The background radiation is usually assumed to be the
CMB with TCMB = 2.725(1+z) K. However, in the presence of
an extra radio contribution of brightness temperature TRadio
the total background is
Trad = TCMB + TRadio . (6)
A more subtle effect of TRadio is on TS through its effect on
the coupling coefficients between the spin temperature and
the kinetic temperature of the hydrogen gas (Feng & Holder
2018; Barkana 2018a; Fialkov & Barkana 2019):
xα =
1
A10Trad
16pi2T∗e2 fα
27mec
Jα , (7)
and
xc =
1
A10Trad
κ1−0(TK)nHT? . (8)
Here T∗ = 0.0682 K, fα = 0.4162 is the oscillator strength
of the Ly-α transition, and κ1−0(TK) is a known atomic co-
efficient (Allison & Dalgarno 1969; Zygelman 2005). Given
these coupling coefficients, the spin temperature is
TS =
xrad + xtot
xradT−1rad + xtotT
−1
K
, (9)
where
xtot = xα + xc , (10)
and
xrad =
1 − e−τ21
τ21
(11)
is the radiative coupling (Venumadhav et al. 2018). Finally,
the radio background also affects the value of the kinetic
temperature, based on the CMB heating recently noted by
Venumadhav et al. (2018). The corresponding heating rate
is
rad =
xHIA10
2H(z) xrad
(
Trad
TS
− 1
)
T21
TK
, (12)
where xHI is the neutral fraction.
In addition to the overall enhancement of the signal
(when it is in absorption), the leading order effect of an ex-
cess radio background is to, effectively, slow down the cosmic
clock. In the presence of an extra radio background it takes
longer for the coupling and heating terms to saturate. The
growth of the Ly-α coupling term (Eqs. 7 and 10) is sup-
pressed by a factor 1/Trad. Compared to the case where the
background radiation is the CMB and where Ly-α coupling
is saturated by z ∼ 15 (a wide range of models was explored
by Cohen et al. 2018, see their Fig. 1), in the presence of a
strong radio background the coupling term remains impor-
tant even at the reionization redshifts. Moreover, in models
where the radio background scales with the SFR, as con-
sidered in this paper, the coupling effect on T21 (approxi-
mately xα/(1+ xα) once the collisional coupling is negligible,
if τ21 is small) never saturates to unity, but converges to a
different parameter-dependent constant. This is because xα
depends on the ratio Jα/Trad, with both terms proportional
to the SFR. Similar reasoning applies to the effect of the
gas temperature on the 21-cm signal: higher gas tempera-
tures are needed to saturate the heating term (1 − Trad/TK
in Eq. 5), and even before that, the moment of the heating
transition (defined as the redshift at which the gas heats up
to the temperature of the background radiation) is shifted
to lower redshifts. As a result, the global 21-cm signal is
mostly seen in absorption, with the emission feature either
reduced to a small redshift range or not present at all. Also,
with a stronger radio background, the heating fluctuations
do not saturate and can affect the shape of the 21-cm power
spectrum at a much wider range of redshifts than in the
CMB-only case. Therefore, an enhanced radio background
can have important implications for the 21-cm signal from
cosmic dawn and the EoR - the redshift range targeted by
radiometers and interferometers3.
We note that throughout this section we have assumed
a single value of Trad for each pixel. In reality there are two
additional effects that we neglect. First, T21 in each pixel is
effectively measured with respect to the sky-averaged (cos-
mic mean) value Trad; our use of the local Trad for this in
eq. (3) corresponds to neglecting the direct effect of fluctua-
tions in the radio background, which would contribute even
in the τ21 = 0 limit and thus may be seen as a source of
additional noise for 21-cm measurements (but could also be
interesting in itself). Second, 21-cm absorption occurs along
the line of sight, so the anisotropy of the distribution of ra-
dio sources around each pixel adds another contribution. We
leave for further work a detailed exploration of these addi-
tional effects.
3.1 Radio background from galaxies
The novelty of this work is in considering fluctuations in
the radio background and evaluating their effect on the 21-
cm signal. We assume the galaxy radio luminosity per unit
frequency, calculated in units of W Hz−1, to be proportional
to the star formation rate (SFR),
LRadio(ν, z) = fRadio1022
( ν
150MHz
)−αRadio SFR
Myr−1
, (13)
based on the empirical relation of Gu¨rkan et al. (2018) and
similarly to Mirocha & Furlanetto (2019). In Eq. 13, αRadio
is the spectral index in the radio band, which we set to
αRadio = 0.7 as in Mirocha & Furlanetto (2019); Gu¨rkan et al.
(2018), see also Condon et al. (2002); Heesen et al. (2014).
fRadio is the normalization of the radio emissivity, where the
average value for present day star forming galaxies is fRadio =
1; while observations indicate a significant scatter, here we
assume a uniform value of fRadio (which we vary over a wide
range), and leave for future work a direct consideration of
such scatter.
We calculate the temperature of the radio background
at redshift z, at the 21-cm frequency ν21 by integrating over
3 We show an example of the effect of the radio background on
the coupling and heating terms in Appendix A.
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the contribution of all galaxies within the past light-cone
(following Ewall-Wice et al. 2020):
TRadio(ν21, z) =
λ221
2kB
c(1 + z)3
4pi∫
Radio
(
ν21
1 + zem
1 + z
, zem
)
(1 + zem)−1H(zem)−1dzem , (14)
where zem > z is the redshift of emission. The comoving ra-
dio emissivity, Radio, is the luminosity per unit frequency
per unit comoving volume, averaged in this spherical inte-
gral over radial shells (with a radius corresponding to the
light travel distance between zem and z). We note that this
spherical shell calculation is similar to the calculation of the
X-ray and Ly-α radiation fields in our simulation, except
that for X-rays the optical depth of the IGM also plays a
role while the radio photons are not absorbed in the IGM,
and for Ly-α we take into account the effect of multiple
scattering which requires using different window functions
instead of the spherical shells (Reis et al. 2020b).
Compared to the smooth external radio background
(Eq. 2) which effectively declines with cosmic time, the ra-
dio background from galaxies (Eq. 14) is non-uniform and
increases with time, tracing the growth of galaxies. As we
show below, these differences strongly affect the shape of
the 21-cm signal and, thus, the astrophysical parameter con-
straints implied by the EDGES low-band detection (Aˆg˘ 6).
4 THE SIGNATURE OF RADIO
BACKGROUND FLUCTUATIONS IN THE
21-CM SIGNAL
We first present a general discussion of the various effects
of the radio background fluctuations on the 21-cm signal.
As we show here, this effect can vary between models, scales
and epochs, and can have important implications for the 21-
cm signal in the redshift range relevant for the existing and
upcoming radio telescopes.
At high redshift, when the 21-cm signal is driven by
the Ly-α coupling (and, to some extent, by density fluctu-
ations), the 21-cm fluctuations can be enhanced due to the
positive correlation between the contributions from the ra-
dio field and both the coupling and the density fields. During
the coupling transition, individual galaxies produce ”cou-
pled bubbles” around them, where the spin temperature is
coupled to the kinetic temperature of the gas. This can be
seen as an absorption 21-cm feature surrounding individual
galaxies. The radio emission from these galaxies enhances
the contrast between the spin temperature and the radia-
tion temperature inside the same coupled bubbles, which
results in a stronger 21-cm absorption compared to the case
with a uniform radio background of intensity equal to the
mean intensity of the fluctuating case.
An illustration of this is shown in Fig. 1, where we com-
pare the complete model (right panel) to a reference case
with a uniform radio background of the same mean intensity
(left panel). In the reference case we can still see the coupled
bubbles in the 21-cm signal, but their contrast is greatly en-
hanced in the full model, in which the radio enhancement
is clustered around the galactic halos. To highlight the ef-
fect of the radio fluctuations, we have used a simulation with
moderately massive halos (minimum circular velocity of 35.5
km/s, corresponding to a minimum halo mass for star for-
mation of 3 × 108M at z = 20) along with a high value of
the radio production efficiency fRadio = 1000.
The effect of the radio background fluctuations on the
statistical properties of the 21-cm signal, namely its power
spectrum, is shown in Fig. 2 for various values of fradio and
two different (soft and hard) X-ray SEDs. Here we choose
fairly high values of fRadio to highlight the effects, while mod-
els with lower values of fRadio are explored in the next sec-
tion. We also show two limiting cases: the CMB-only case
(i.e., the case with fRadio = 0) and the ”maximum radio”case.
As we can see from Eq. 5, in the limit TRadio  TCMB,TK
the effect of the radio background saturates and the 21-cm
brightness temperature becomes independent of TRadio:
T21 = −26.8
(
1 + z
10
)1/2
(1 + δ)xHI xtot(TCMB)TCMBTK mK , (15)
where xtot(TCMB) is the coupling coefficient calculated with
Trad = TCMB (and we have suppressed the dependence on
cosmological parameters). In this limit we neglect the effect
of the excess radio background on the heating rate, obtaining
a simple upper limit. In the Figure, we compare the effect of
a fluctuating radio background to a smooth reference case
with the same mean radio intensity at every z as in the
fluctuating case.
We find that at high redshifts, prior to the onset of X-
ray heating, the inhomogeneous radio background enhances
the 21-cm power spectrum by up to a factor of a few, owing
to the positive correlation between the contributions of the
radio background fluctuations and both the Ly-α and den-
sity fluctuations, and given the negligible contribution of
X-ray sources. The boost in power is clearly seen in Fig. 2,
where we compare the effect of a fluctuating radio back-
ground for each model to a corresponding smooth reference
case. We note that Fig. 1 suggests that the effect on 21-cm
images of early galaxies may be even more striking than the
statistical effect on the power spectrum.
As the universe evolves, heating gradually becomes
more important and starts affecting the 21-cm signal. As
long as the gas is still colder than the background radiation,
heating acts to reduce the 21-cm absorption (by warming up
the gas) and, thus, heating fluctuations anti-correlate with
21-cm fluctuations from all the other sources. This usually
leads to a local minimum in the 21-cm power spectrum at
the epoch when the fluctuations from the various sources
nearly cancel out (see also Aˆg˘ 2). In the presence of the
radio background fluctuations this local minimum shifts to
lower redshifts compared to the smooth reference case (see
Fig. 2). Moreover, as we show below, the details of this sig-
nature depend strongly on the shape of the X-ray SED.
In the case of a soft X-ray SED, heating fluctuations are
strong enough (compared to the fluctuations imprinted by
the radio background) to produce a clear heating peak in the
power spectrum. However, with radio fluctuations the height
of the heating peak is reduced by 20− 30% compared to the
smooth case (with the same mean radio intensity). When
the strength of the radio background is increased, the heat-
ing peak is delayed, since the kinetic temperature requires
more time to grow before overtaking the enhanced radiation
temperature. We note that in this model, the heating peak
is seen even in the ”maximum radio” limit.
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Figure 1. Effect of fluctuations in the excess radio background on the cosmic dawn 21-cm signal from z = 22. We compare the case of a
uniform radio background (left) to a case where the radio background is emitted by galaxies (right). Both models have the same mean
intensity of the radio background. Astrophysical model parameters are: Vc = 35 km s−1, f∗ = 0.4, fRadio = 1000. The X-ray and reionization
parameters are irrelevant here, as for this example we focus only on the coupling transition, before the contributions of heating and
ionization are significant. Each panel shows the corresponding 21-cm signal projected in the direction perpendicular to the image. The
projected signal is obtained by taking the minimum value along each column of the cubic simulation box.
In comparison, a model with hard X-rays shows a more
complicated dependence of the power spectrum on the radio
background. In this case heating fluctuations are weaker,
and, for a strong enough radio background, never become the
dominant source of fluctuations. In such cases the heating
peak is not simply delayed or reduced, but is completely
washed out, creating in some cases a single overall peak at a
redshift that is intermediate between the Ly-α and heating
peaks that would occur in the CMB-only case.
To gain more intuition, we next examine which is the
leading source of fluctuations at every epoch (the same anal-
ysis for the CMB-only cases can be found in Cohen et al.
2018, for comparison). We estimate the contribution of each
term by allowing variation in the term, while fixing all the
other components to their mean values (only here we use
the approximation of Eq. 5, which is linearized in the 21-
cm optical depth). The contributions of the density term
(1 + δ), the coupling term (xtot/(1 + xtot)), the heating term
(1−Trad/TK) and the ionization (xHI) to the total 21-cm power
spectrum are shown in Fig. 3; note that the contribution of
the heating term takes both the radio and the gas tempera-
ture fluctuations into account. We explore the importance of
each term in models with radio background fluctuations for
fRadio = 1000 (again, a fairly high value of fRadio is used to
make the effect more apparent) and for hard and soft X-ray
SEDs; we again compare to a smooth model with the same
mean radio background.
The general behavior in the case with a smooth radio
background is similar to what Cohen et al. (2018) found
for the CMB-only case: the signal is dominated by the cou-
pling term at high redshifts, heating and density terms com-
pete at the intermediate redshifts, while reionization be-
comes important only at the low-redshift portion of cosmic
dawn. As we see in Fig. 3, adding fluctuations to the radio
background strongly affects the signal in the intermediate
redshift range, i.e., the redshift range most relevant for the
cosmic dawn experiments including the LWA, AARTFAAC
Cosmic Explorer, HERA, NenuFAR and the SKA. Specifi-
cally, the strongest effect of the radio fluctuations is on the
heating term, 1 − Trad/TK, through which radio fluctuations
and gas temperature fluctuations have opposite effects on
the 21-cm signal; the relative balance is SED-dependent as
can be clearly seen in Fig. 3. We note that there is also a
small but significant effect on the coupling term owing to the
competing effects of Jα (in the numerator) and Trad (in the
denominator) on xα in Eq. 7; these two terms are physically
correlated, but their opposite effects on xα lead to reduced
21-cm fluctuations when radio fluctuations are included.
Fig. 3 also shows that during the EoR, 21-cm fluctua-
tions are only weakly affected by radio fluctuations. This is
due to the fact that as the radio background rises, and has
time to reach larger and larger distances from each source,
it becomes increasingly homogeneous. Also the excess radio
background does not have a direct effect on the neutral frac-
tion xHI, so when fluctuations in xHI dominate 21-cm fluctua-
tions the effect of fluctuations in the excess radio background
is reduced.
It is also interesting to look at the shape of the power
spectrum at a given redshift. Fig. 4 shows the effect of
the radio fluctuations on the power spectrum shape for the
fRadio = 3000 models from Fig. 2. As above, the radio fluc-
tuations enhance the 21-cm fluctuations at high redshifts
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Figure 2. The 21-cm power spectrum at k = 0.1 Mpc−1 as a
function of redshift for various values of fradio (as indicated in the
legend) and for two different X-ray SEDs: soft (νmin = 0.1 keV,
top) and hard (νmin = 1 keV, bottom). The values of the other
parameters are fixed: Vc = 16.5 km s−1, f∗ = 0.1, fX = 1, α =
1. We show the full, fluctuating radio background from galaxies
(solid) compared to the corresponding smooth radio background
with the same mean radio intensity at each redshift as in the
fluctuating case (dashed). We also show a case with no excess
radio background (i.e., the CMB-only case, black dotted line) and
the ”maximum radio” limit (see text, grey dotted line). Finally,
we also show the SKA1 noise curve (magenta) assuming a single
beam, integration time of 1000 hours, 10 MHz bandwidth, and
bins of width ∆k = k.
(when Ly-α fluctuations dominates), suppress them later on
(when X-ray heating fluctuations dominate, which occurs at
lower redshifts for the hard X-ray spectrum), and have a
reduced effect as we approach the EoR. In this figure we
can see that the effect of the radio fluctuations is strongly
concentrated on large scales (low k), since the radio waves
reach far away from the sources, as they are limited only by
time-retardation (unlike Ly-α photons, which have a strict
horizon given by atomic frequency ratios, and X-ray pho-
tons, which are attenuated by absorption, particularly for
a soft X-ray spectrum). Thus, when radio fluctuations en-
hance the power spectrum they give it a redder slope, and
when they suppress the power spectrum they give it a bluer
slope. These are potentially observable signatures of radio
fluctuations.
5 THE EFFECT OF AN EXCESS RADIO
BACKGROUND ON THE 21-CM SIGNAL
FOR A STANDARD POPULATION OF
RADIO-GALAXIES
Previous works exploring the effects of an astrophysical ra-
dio background on the 21-cm signal (Mirocha & Furlan-
etto 2019; Ewall-Wice et al. 2020), were driven by the
EDGES discovery and, thus, focused on models with ex-
Figure 3. The separate contributions of various sources to the
power spectrum at k = 0.1 Mpc−1 as a function of redshift for two
different X-ray SEDs: soft (νmin = 0.1 keV, top) and hard (νmin = 1
keV, bottom). We show the coupling term (blue), the heating
term (red), which includes contributions from both the radio and
the gas temperature fluctuations, the density term (yellow) and
the reionization term (green). The purple line shows the global
signal and the black lines show the total power spectrum. We
show the same models as in Fig. 2, with fRadio = 1000. We show
the models with the fluctuating background (solid lines) or with
a uniform radio background of the same mean intensity at each
redshift (dashed lines).
tremely bright radio sources, far above what is expected
based on extrapolating from observations of low-redshift
galaxies. In order to create a deep 21-cm absorption sig-
nal, such as observed by EDGES, the sources need to be far
brighter in the radio band than present-day galaxies (see the
next section for details). Even though a population of weaker
radio sources (more similar to the present-day galaxies with
fRadio = 1) cannot account for the deep EDGES signal, it
is useful to explore the implications of a realistic popula-
tion of radio sources on the 21-cm signal in case the EDGES
detection turns out to be of a non-cosmological origin (e.g.,
Hills et al. 2018; Bradley et al. 2019; Singh & Subrahmanyan
2019; Spinelli et al. 2019; Sims & Pober 2020). In this section
we investigate signatures of radio sources in the 21-cm signal
for a wide range of values of fRadio, focusing on moderately
enhanced backgrounds.
As we have seen in the previous section, the radio-
induced fluctuations in the 21-cm signal anti-correlate with
the effect of X-rays and positively correlate with the fluctu-
ations sourced by the Ly-α and density fields. Therefore, the
net effect depends not only on the properties of the excess
radio background, but also on the parameters regulating star
formation ( f∗ and Vc) and the X-ray luminosity of sources
( fX and the X-ray SED). In comparison with a reference case
where the background radiation is the CMB, the strongest
signature of the radio background is expected in models with
MNRAS 000, 1–17 (2020)
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Figure 4. The evolution of the power spectrum shape. Solid lines
show the power spectrum with fluctuations in the radio back-
ground, while dashed lines show the power spectrum for a uniform
radio background with the same mean intensity at each redshift.
We show this for the same fRadio = 3000 models as in Fig. 2. We
show the power spectrum for a different set of redshifts in the two
panels since the signature of the radio fluctuations is seen until a
later time for the hard X-rays model.
negligible X-ray heating accompanied by early and efficient
star formation (i.e., low Vc and high f∗). Note that even
for a negligible contribution of X-rays, gas in our models
is heated up by Ly-α photons (in agreement with Chuzhoy
& Shapiro 2007; Ghara & Mellema 2019). This effect sets a
heating floor, creates a plateau in the 21-cm power spectrum
(compared to a peak in the case of heating by soft X-rays),
and (to some extent) counteracts the effects of an enhanced
radio background. In Fig. 5 we demonstrate the effect of an
excess radio background on the global 21-cm signal and the
power spectrum in models with moderate values of the radio
production efficiencies ( fRadio=10, 30 and 100) and for fixed
values of Vc = 4.2 km s−1, f∗ = 0.1 and no X-ray heating
(i.e., fX = 0).
The maximum normalized difference,
Normalized difference =
TCMB−only21 − TWith radio21 
max
TCMB−only21  (16)
calculated over the redshift range of z = 30 − 6, in
the depth of the absorption trough is of 19%, 56%, and
171% for fRadio=10, 30 and 100, respectively. For all
cases the maximum increase (i.e., the maximum value ofTCMB−only21 − TWith radio21 ) occurred at z ∼ 12. In addition,
while in the CMB-only case the 21-cm signal is seen in emis-
sion at low redshifts (even without X-ray heating), in models
with moderate fRadio the signal is in absorption for the entire
duration of the EoR.
The effect of a moderate population of radio galaxies on
the 21-cm power spectrum is also significant in these mod-
els and is of order 5%, 23%, and 294% for fRadio=10, 30 and
Figure 5. Effect of models with a moderate radio background
on the 21-cm signal for Vc = 4.2 km s
−1, f∗ = 0.1 and fX = 0 and
with fRadio = 10, 30, or 100 (as indicated in the legends). Top:
The global 21-cm signal. Middle: The 21-cm power spectrum
at k = 0.1 Mpc−1 as a function of redshift. Here we show the
case of the fluctuating background (solid) and the corresponding
smooth radio background case (dashed) as in the previous section.
We also show the projected SKA1 sensitivity (magenta) and the
CMB-only case (dotted). Bottom: The present-day excess radio
background (relative to the CMB level shown with the horizontal
dotted line). Note that the contribution of galaxies to the radio
background is integrated over time from the beginning of the
simulation to its end at z = 6. The data points correspond to the
excess radio background detected by the ARCADE2 and LWA1
experiments.
100, respectively. For all cases the maximum difference oc-
curs at z ∼ 13. The difference is calculated as in Eq. 16, using
the power spectrum ∆2 (at k = 0.1 Mpc−1) instead of T21.
We note that using the maximum over all redshifts in the
denominator gives a conservative number, i.e., at some red-
shifts the relative difference is much larger. Because it takes
time for the radio background to build up, the strongest ef-
fect is at the intermediate and low-redshift parts of cosmic
dawn (z . 20) which are the main target of the existing
and upcoming interferometers (including AARTFAAC Cos-
mic Explorer, LWA, HERA, NenuFAR, and the SKA). At
the EoR redshifts, the signal is strongly enhanced due to the
presence of the extra radio background, and, because there
is no heating transition in this case, does not go through a
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null; if realised in nature, this is good news for the 21-cm
experiments.
We also estimate the contribution of such a popula-
tion of radio sources to the present day excess radio back-
ground at the frequencies observed by experiments such as
ARCADE2 and LWA1 (bottom panel in Fig. 5). Here we
assume that the early population of galaxies with enhanced
radio emission does not survive until today (e.g., due to the
redshift evolution of their intrinsic properties) and impose
a cutoff redshift of z = 6 (or higher, see below). In all the
explored cases the contribution of the high redshift radio
galaxies is at or below the background level detected by
ARCADE2 and LWA1, which serves as an upper limit for
such a contribution.
Next, we explore the effect of a moderate radio back-
ground in a variety of astrophysical scenarios in a more
systematic way (Fig. 6). We conduct a parameter study in
which we vary fRadio and fX on a grid, assuming efficient
( f∗ = 0.3) or inefficient ( f∗ = 0.003) star formation and as-
suming Vc = 4.2 km s−1. Here we assume a population of
hard X-ray sources (using an X-ray binary SED as in Fi-
alkov et al. 2014). We note that for this analysis we switch
off Poisson fluctuations in the number of galaxies in order
to avoid random noise in the results. We calculate the maxi-
mum difference (in absolute value) in both the global signal
(top panels of Fig. 6) and the power spectrum at k = 0.1
Mpc−1 (bottom panels of Fig. 6), between a case with an
excess radio background and the same case with no excess
radio background ( fRadio = 0, i.e., the CMB-only case). We
normalize by the maximum value, again in absolute value,
of the no-radio signal: for the global signal, we normalize by
the maximum absorption depth (Eq. 16), and for the power
spectrum we normalize by the maximal ∆2 at k = 0.1 Mpc−1
(Eq. 16, with ∆2 instead of T21). The maximum difference is
again found over the redshift range of z = 30 − 6. The result
is shown in Fig. 6.
We find that there is some difference between models
with the excess background and with fRadio = 0 (for oth-
erwise identical parameters) for all the explored cases. As
anticipated, models with inefficient X-ray production are sig-
nificantly more sensitive to an excess radio background. In
such models we can see a potentially measurable effect (up
to 10%) in both the global signal and the power spectrum
even when the high redshift galaxy population is assumed
to have similar radio brightness to the present day galaxies
( fRadio ∼ 1). On the other hand, for models with efficient X-
ray heating, a moderate excess radio background has only
a small effect. This happens because in such cases X-rays
quickly raise the kinetic temperature significantly above that
of the total radio background and the heating term in Eq. 5
saturates. For low X-ray efficiencies, models with a higher
SFR density (SFRD) at high redshifts, i.e., with higher f∗
and lower Vc , are more sensitive to the effect of the excess
radio background.
6 EXTREME SCENARIOS FOR EDGES
LOW-BAND
6.1 21-cm observables
We now use our model that simulates radio emission aris-
ing from galaxies (as described in Section 3.1) to explore
Figure 6. The maximum normalized difference (in %) in the
global signal (top panels) and power spectrum at k = 0.1 Mpc−1
(bottom panels) between a model with an excess radio back-
ground (with fRadio shown on the y-axis) and a model with no
excess radio background ( fRadio = 0), for various values of fX (as
indicated on the x-axis). We show the results for efficient ( f∗ = 0.3,
left) or inefficient ( f∗ = 0.003, right) star formation and assuming
Vc = 4.2 km s
−1, an X-ray population with a hard SED (using
an X-ray binary SED as in Fialkov et al. 2014), and reionization
parameters of ζ = 11.4 and Rmfp = 30 Mpc.
the relatively extreme cases that could explain the anoma-
lously deep EDGES low-band signal (Bowman et al. 2018).
We explain below the differences between our study and
that previously done by Mirocha & Furlanetto (2019). The
analysis here is similar to the one performed by Fialkov &
Barkana (2019) for a phenomenological homogeneous excess
radio background model with a synchrotron power spectrum
(the external radio model). As was mentioned in Aˆg˘ 3.1,
compared to the external radio model, radio from galaxies
is non-uniform and features a different time evolution (in-
creasing with time, as opposed to decaying as in the other
case). The effect of the radio fluctuations on the global signal
is minor and the main difference between the two models (in
the context of the parameter constraints with EDGES low-
band) is due to the different redshift evolution. Of course,
the new fluctuations do affect the corresponding power spec-
tra.
To compare the two scenarios, we generated two new
datasets of models4 in which we systematically varied the
astrophysical parameters over the following ranges: f∗ =
4 Even though an analysis of external radio background mod-
els was done by Fialkov & Barkana (2019), we re-generated the
dataset for this paper because of the revised astrophysical model
as discussed in Aˆg˘ 2. Specifically, Ly-α and radiative heating sig-
nificantly affect the depth of the absorption trough in the scenar-
ios with negligible X-ray heating. The revised predictions for the
external radio background model are discussed in Appendix B.
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0.01−0.5, Vc = 4.2 - 50 km s−1, fX = 0.01−1000, νmin = 0.1 -
3 keV, α = 1 - 1.5, Rmfp = 10 - 70 Mpc, and τ = 0.03− 0.089
in agreement with CMB Planck measurements (Planck Col-
laboration et al. 2018). The radio background efficiency was
varied in the fRadio = 10 - 106 range. We created ∼ 10158
models with radio from galaxies. We also create 5077 ex-
ternal radio background models with a radio background
strength Ar = 0.2 - 1000.
Models were tagged to be EDGES-compatible if they
satisfied the following criteria (Fialkov et al. 2018; Fialkov
& Barkana 2019):
300mK < max[T21(60 < ν/MHz < 68)]−
min[T21(68 < ν/MHz < 88)] < 1000mK, (17)
and
300mK < max[T21(88 < ν/MHz < 96)]−
min[T21(68 < ν/MHz < 88)] < 1000mK, (18)
corresponding to the signal detected in the EDGES low-
band data (Bowman et al. 2018).
As was discussed by Mirocha & Furlanetto (2019);
Ewall-Wice et al. (2020), the EDGES-motivated models re-
quire extremely strong radio sources with fradio ∼ 1000 at
high redshifts. If such a population persisted until lower
redshifts, these sources would overproduce the diffuse ra-
dio background observed by ARCADE2 and LWA1. As we
have seen in the previous section (Fig. 5), even a moder-
ate population of radio galaxies with fradio ∼ 100 had to be
truncated at z = 6 in order not to saturate the observed ra-
dio background. Therefore, we allow for the possibility that
the enhanced radio emission was a strictly high-redshift phe-
nomena, and introduce a radio cutoff redshift zcutoff , in order
to ensure consistency with the present-day excess radio back-
ground. For each model we found the lowest zcutoff for which
the predicted present-day excess radio background does not
exceed the observations.
In Fig. 7 we show the global signals and power spectra
of the models that are compatible with the EDGES low-
band data. For comparison we also show an envelope (min
and max signals at every z) of the EDGES-compatible ex-
ternal radio models as well as the maximum signal at every
z of the CMB-only cases (calculated using the same updated
astrophysical framework as the other two datasets). We find
that the power spectra in the radio from galaxies model can
exceed the standard CMB-only cases by two orders of mag-
nitude at z ∼ 20, thus being a good target for low-band
interferometers. At lower redshifts, the power spectra of the
EDGES-motivated models are typically lower compared to
the standard models (and compared to excess radio models
that are not constrained by EDGES; Mondal et al. 2020).
This is because EDGES requires the absorption signal to be
relatively narrow, deep and localized at high redshifts (and
thus not at lower redshifts). This also constrains the astro-
physical parameter space, in particular the high-redshift star
formation history (in a similar way as found by Fialkov &
Barkana 2019, for the external radio background model).
The measured high-redshift absorption signal features a
rapid drop into absorption between z ∼ 22 and z ∼ 17. Such
an early and rapid transition requires the WF coupling to
be efficient already at z ∼ 20, implying substantial star for-
mation at even higher redshifts (Fialkov & Barkana 2019;
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Figure 7. The global 21-cm signal (top panel) and power spec-
trum at k = 0.1 Mpc−1 (bottom panel) obtained in our explo-
ration of the parameter space. A random subset of the models
that are compatible with the EDGES measurement are shown in
color, with the envelope of all such models shown with dotted or-
ange lines (”min/max: EDGES models” in the legend). A broader
range of models (not necessarily consistent with EDGES) is shown
in grey. The color of each EDGES-compatible model represents
the redshift at which the radio emission needs to be truncated
in order not to over-predict the ARCADE2/LWA1 measurement
of the present-day extragalactic radio background (the colors are
indicated in the colorbar on the right, and each curve is cut off in
the plot at the corresponding redshift). We also show the SKA1
sensitivity (pink), the maximum envelopes of cases with no excess
radio background ( fRadio = 0, dotted red), and max and min en-
velopes of the EDGES-compatible models for the external radio
background (purple dotted line, ”min/max: External radio” in the
legend).
Schauer et al. 2019). This is possible only in scenarios with
relatively low values of Vc in which the first stars form in ha-
los of ∼ 108 M or lower. Moreover, the need for an efficient
Ly-α coupling sets a lower limit on f∗. Using the parame-
ter study, we find a lower limit of f∗ = 0.035 and an upper
limit of Vc = 35 km s−1. In addition, constrained by the
high required Ly-α intensity, the lower limit on f∗ is higher
for higher values of Vc (but only above the atomic cooling
threshold of 16.5 km/s, since the feedback effects noted in
Section 2 limit the contribution of halos below this value).
These constraints can be read off parameter plots like Fig. 8
(see also the similar plots for other parameter combinations
in the Appendix, Figs. B1 and B2).
In the standard CMB-only case the depth of the ab-
sorption feature is set by the competition between the effi-
ciency of the coupling and the heating. In such models, the
EDGES detection cannot be explained as, with the Ly-α
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Figure 8. The astrophysical parameters of models compatible
with the global 21-cm EDGES low-band measurement and AR-
CADE2/LWA1 measurement of the present day excess radio back-
ground. Colored markers (circles and squares) show the compat-
ible models. The grey dots show all the explored models. Top
panel: fRadio vs. fX . We separate the compatible models into two
groups. The main group (colored circles) shows models with rela-
tively soft X-ray sources (νmin ≤ 1 keV) color-coded with respect
to the values of SFRD at z = 18 (as shown in the colorbar to the
right of the panel). The second group contains cases with hard X-
ray SEDs (νmin = 2 or 3 keV). Note that the gap between the two
groups is due to the sparsity of νmin values used in the parameter
study. Bottom panel: Vc vs. the total effective radio production
efficiency ( f∗× fRadio). The compatible models are color-coded with
respect to the value of fX (indicated on the colorbar, right-hand
side). Red crosses show models that are compatible with EDGES
but not with ARCADE2/LWA1.
heating taken into account, we find5 a deepest absorption
of 164 mK. When excess radio background is added to the
picture, it increases the contrast between the background
and the spin temperature, thus deepening the absorption
trough. The depth of the observed feature, therefore, sets
a lower limit on the possible radio production efficiency. In
the models with the radio background from galaxies it is
the combination of f∗ × fRadio (which we refer to as the to-
tal effective radio production efficiency) that regulates the
number of produced radio photons and, thus, the depth of
the absorption trough. We find the lower threshold on the
total effective radio production efficiency to be 136 (bottom
panel of Fig. 8). In terms of fRadio, the lower limit is 356 , i.e.,
the high redshift galaxies have to be more than 350 times
brighter in radio than present-day galaxies. This is consis-
tent with Mirocha & Furlanetto (2019), who found a best fit-
5 This is based on a parameter study of 5077 models with the
CMB as the background radiation that we conducted after revis-
ing the astrophysical framework and that we will further discuss
elsewhere.
ting value for the radio production efficiency of fRadio ∼ 1000.
For the lowest fRadio models, the observed deep absorption
can be achieved only if the star formation efficiency is high
(or, equivalently, the SFRD is high, top panel of Fig. 8).
An additional constraint on the value of f∗× fRadio comes
from the ARCADE2/LWA1 measurements of the present
day radio background. Thus, in Fig. 8 and in the rest of
this paper, we selected as ”EDGES compatible” only mod-
els for which zcutoff < 16 to ensure that this artificial ra-
dio cutoff occurs after most of the era probed by EDGES
(we leave for the future a more detailed study of gradual
cutoffs). This condition sets an upper limit on f∗ × fRadio ,
which we find to be 1740 for models with low Vc (bottom
panel of Fig. 8). The threshold is higher for higher Vc mod-
els, since in these models galaxies start forming later and,
even with the maximum allowed value of star formation ef-
ficiency f∗ = 50%, the SFRD can be lower than for models
with lower Vc in which typical galaxies are smaller but more
numerous. Therefore, in the models with high Vc it is pos-
sible to have a higher radio production efficiency without
exceeding the ARCADE2/LWA1 measurements.
While Ly-α photons couple the spin temperature to the
temperature of the gas and, thus, create the absorption sig-
nal, X-ray photons help to shape the absorption feature. In
the standard scenarios, with the CMB being the radio back-
ground, it is the total intensity of soft X-rays that regulates
the location of the minimum of the absorption 21-cm signal
and the steepness of the high-frequency side of the trough.
When an excess radio background is added to the picture, it
contributes to the structure of the absorption trough (as the
signal approximately scales as 1 − Trad/TK ). Therefore, the
intensity and redshift evolution of the radio background can
strongly affect the shape of the global signal. We find that, to
explain the narrow trough detected by EGDES, a fine-tuned
contribution of the X-ray population is required, which sets
both a lower and an upper limit on fX ; these depend strongly
on the X-ray spectrum (top panel of Fig. 8) as only photons
below ∼ 1 keV can efficiently heat up the gas. Specifically,
for soft sources with νmin ≤ 1 keV we find 0.08 . fX . 10,
while for hard sources with νmin = 2 or 3 keV the allowed
fX range shifts to higher values (3 . fX . 1000)6. As ex-
pected, we also find tight correlations among fRadio, fX and
the SFRD (at a given redshift). Models with low fRadio re-
quire low fX and a high SFRD to create a deep and narrow
global signal, while models with high fRadio require high fX
and a low SFRD to create a similar feature.
Using a similar model as explored here but without ra-
dio fluctuations, Mirocha & Furlanetto (2019) also reported
a lower limit on fX , although of a higher value fX = 10. Two
major differences between our constraint and the result of
Mirocha & Furlanetto (2019) are:
(i) Mirocha & Furlanetto (2019) did not include Ly-α
heating and used a relatively hard X-ray SED (taken from
Mitsuda et al. 1984) that is similar to the SEDs of our hard
X-ray models shown with green squares in Fig. 8. In con-
trast, we do include Ly-α and radiative heating and also
6 Note that fX = 1000 is the limit of the prior range set on fX . For
higher values of fX , it is likely that we over-predict the unresolved
X-ray background observed by Chandra X-ray Observatory (Fi-
alkov et al. 2017).
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explore soft X-ray SEDs; the latter implies more efficient
heating and permits lower values of fX .
(ii) Another difference between our work and Mirocha &
Furlanetto (2019) is the different prescription for star forma-
tion efficiency. While we use a mass-independent f∗ above
the atomic cooling threshold (and a logarithmic suppres-
sion below), Mirocha & Furlanetto (2019) assume a mass-
dependent f∗ in which lower-mass halos have significantly
lower f∗ values, and thus, lower values of the SFRD. Since,
as discussed above, only low-mass halos are abundant at
z ∼ 17, their low SFRD needs to be compensated by high
values of fX to create the EDGES feature. They also allowed
redshift dependence in f∗.
We also note that comparing our results to Mirocha &
Furlanetto (2019) is not straight forward, since these authors
seem to have neglected the effect of the excess radio back-
ground on the coupling coefficients. That is, in Eqs. 7 and 8,
they apparently used TCMB instead of Trad = TCMB + TRadio7.
They did not consider the effect of the excess radio back-
ground on radiative heating of the IGM (that is, neglected
the heating given by Eq. 12). Finally, at least some of the
differences between our results and the results of Mirocha &
Furlanetto (2019) are explained by the fact that each work
applies a different set of conditions to decide which models
fit the EDGES data. Because the total width of the feature
can be comparable to the bandwidth of EDGES Low, and
the overall zero-point is unknown (due to the foreground re-
moval), here we used a relative criterion (i.e., checking that
the changes in the theoretical signals within the EDGES
band are compatible with the detection). However, Mirocha
& Furlanetto (2019) used an absolute measure (i.e., check-
ing that the maximum absorption agrees with what EDGES
have reported). This difference means that we allow for
deeper absolute signals (which have less heating) compared
to the ones selected by Mirocha & Furlanetto (2019).
Finally we note that our constraints on the value of fX
are qualitatively different from those derived by Fialkov &
Barkana (2019) for the external radio background model,
where arbitrarily low values of fX were allowed. This funda-
mental difference is caused by the different redshift depen-
dence of the radio background, which increases with time
in the models considered here and decreases in the case
of the external radio background with spectral index −2.6
(matching Galactic synchrotron) as considered by Fialkov
& Barkana (2019). An increasing radio background acts to
deepen the absorption at lower redshifts and, thus, X-rays
need to compensate for this effect in order to produce the
narrow trough seen by EDGES. On the other hand, a de-
creasing radio background helps to produce a narrow ab-
sorption feature even with a very weak or negligible X-ray
contribution. Additional differences between the two radio
background models are discussed in Appendix B.
6.2 Radio source counts
In scenarios with high values of f∗× fRadio , such as the mod-
els that are compatible with the EDGES low-band signal,
high-redshift radio galaxies might be bright enough to be
7 See the discussion below their Eq. 2.
directly seen by radio surveys (e.g., see Nit¸u et al. 2020).
Here we explore which of the EDGES-compatible models
predict bright radio galaxies that are expected to be above
the detection thresholds of existing and upcoming surveys.
An individual galaxy of intrinsic radio luminosity Lν ,
calculated using Eq. 13 from the SFR of the galaxy, can be
detected if the corresponding observed flux density Sν
Sν = (1 + z)
Lν(1+z)
4piD2
L
(z) , (19)
where DL is the luminosity distance, is above the sensitiv-
ity limit of a telescope. We calculated n(Sν), the number
of sources per steradian per unit flux density, expected for
each model. As in the previous section, for each model we
do not include redshifts below zcutoff (the redshift where the
enhanced radio needs to be truncated in order to not exceed
the ARCADE2/LWA1 measurements). At each redshift we
find the number density of galaxies that produce a given
observed flux density in the range of Sν to Sν + dS, from
which we calculate the number per steradian. We divide by
dS to get the number per steradian per unit flux. Finally,
we integrate over all redshifts to get the total n(Sν). The
predictions (in the commonly used combination of n(Sν)S2ν )
for flux densities at ν = 3 GHz, ν = 1.4 GHz, and ν = 150
MHz, are shown in Fig. 9. We compare our results to current
constraints from fluctuation analysis of deep radio images
taken with the Karl G. Jansky Very Large Array (VLA) at
3 GHz (Vernstrom et al. 2014) and at 1.4 GHz (Condon
et al. 2012), as well as to an individual 5-σ source detection
at 150 MHz (Retana-Montenegro et al. 2018) using LOFAR.
In addition we show 5-σ detection thresholds for current and
future surveys including MIGHTEE (Jarvis et al. 2016), LO-
FAR (Shimwell et al. 2019), VLASS-3 and SKA (Prandoni
& Seymour 2015).
The source count distributions shown in Fig. 9 are color-
coded with respect to the values of Vc for each model. As
expected, the source counts are dominated by faint sources,
well below the various sensitivity thresholds, for models with
low values of Vc . In such scenarios star formation starts es-
pecially early (owing to the hierarchical nature of structure
formation) and radio galaxies are typically small but numer-
ous. On the other hand, the luminosity functions of high Vc
models are dominated by bright but scarce objects. We treat
the observed points as upper limits on our models, since we
do not include the contribution of low-redshift galaxies (be-
low the cutoff redshift for each model). In some of these mod-
els the number counts exceed the observational constraints
at 3 GHz, and models with Vc ∼ 25 km/s are disfavored at a
significance of a few σ. Comparing the model predictions to
the expected detection thresholds of the future surveys with
MIGHTEE (Jarvis et al. 2016), VLASS-3 and SKA (Pran-
doni & Seymour 2015), we see that such observations can be
used to further constrain the subset of EDGES-compatible
models presented in this work.
7 SUMMARY
In this paper we considered three aspects of a high-redshift
population of radio galaxies:
First, our main novelty is that we examined the effect
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Figure 9. Radio source counts for our EDGES-compatible mod-
els at 3 GHz (top), 1.4 GHz (middle) and 150 MHz (bottom).
Each curve is color-coded with respect to the values of Vc (as indi-
cated in the color-bar on the right). In each panel blue points show
current observational constraints with 1-σ error bars from Vern-
strom et al. (2014), Condon et al. (2012), or (Retana-Montenegro
et al. 2018). Vertical lines show 5-σ detection thresholds for future
and current surveys (see legends for details).
of fluctuations in the radio background produced by a popu-
lation of high-redshift radio galaxies on the resulting 21-cm
power spectrum. We found that the radio background fluc-
tuations affect the 21-cm signal at redshifts and scales tar-
geted by existing and future interferometers, such as HERA
and the SKA. The 21-cm power spectrum is enhanced at
the onset of star formation owing to the positive correlation
between the effects of radio, the density field, and Ly-α cou-
pling on the 21-cm signal. The 21-cm power spectrum is sup-
pressed by the effect of radio fluctuations at later redshifts
when the heating contribution is important, due to the neg-
ative correlation between the effects of the radio background
and heating on the 21-cm signal. The strength of both the
suppression and the enhancement of the power spectrum are
model-dependent. For example, we found qualitatively dif-
ferent signatures in models with soft and hard X-ray SEDs.
Also, locally, the radio emission from galaxies enhances the
absorption signal around individual sources during cosmic
dawn. This effect should be important for 21-cm imaging.
Next, we explored the implications, for both the global
signal and the power spectrum, of a normal population of
radio galaxies, i.e., galaxies with radio efficiencies only mod-
erately enhanced over the present-day population. We quan-
tified the effect of the excess radio background, varying as-
trophysical parameters such as the minimum mass of star-
forming halos, the X-ray heating efficiency, star formation
efficiency and the amplitude of the radio background. We
found that in models with a low X-ray efficiency and high
star formation rate (which depends on both the circular ve-
locity and star formation efficiency), the radio background
from standard radio galaxies can have an effect of a few tens
of percent on the 21-cm signal. Therefore, it is important to
account for the potential radio contribution in an accurate
21-cm analysis.
Finally, we performed an exploration of the astrophysi-
cal parameter space to identify models that are compatible
with the tentative EDGES low-band detection. We found
that high redshift galaxies need to be at least 350 times
more efficient in producing low-frequency radio waves com-
pared to present-day galaxies in order to produce a suffi-
cient radio background to explain the EDGES detection.
Comparing our models to the reported absorption feature,
we found a lower limit of f∗ = 0.035, and an upper limit of
Vc = 35 km s−1. We also found that the X-ray heating ef-
ficiency is restricted to a relatively narrow SED-dependent
range. E.g., for soft sources with νmin ≤ 1 keV the limits
are 0.08 . fX . 10, and the range shifts to higher values
of fX for harder SEDs. We compared these limits to the
prediction of a model where the excess radio background is
smooth and has a synchrotron spectrum (the external ra-
dio background model). The major difference between the
two possible models is in the time evolution of the radio
background (increasing with time in the former case versus
decaying in the later). This difference results in there be-
ing no limits on fX in the external radio background model.
A major implication of the enhanced radio background is
that it boosts the 21-cm power spectrum by a few orders of
magnitude compared to the standard case where the back-
ground radiation is the CMB. Such an enhanced signal might
be within the sensitivity of AARTFAAC Cosmic Explorer,
NenuFAR, LWA, and HERA. Finally, we computed the ex-
pected radio source counts for the EDGES-motivated models
and compared them to the existing observations of LOFAR
and VLA as well as to the detection threshold of future ra-
dio surveys. We found that existing observations can already
significantly constrain some of the model parameters. It will
certainly be exciting to see the results of upcoming observa-
tions of radio sources as well as new 21-cm measurements.
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APPENDIX A: EFFECT OF AN EXCESS
RADIO BACKGROUND ON THE GLOBAL
21-CM SIGNAL
In this section we give further details on the effect of an
excess radio background on the global 21-cm signal, for the
model where the radio background is produced by galaxies.
We begin with an example separating out two different ef-
fects. We use the same astrophysical parameters as for the
Figure A1. The effect of the excess radio background on the
21-cm signal. We show the same astrophysical model with (solid
lines, fRadio = 1000) or without (dashed lines, fRadio = 0) an excess
radio background. The other astrophysical parameters are the
same as for the hard X-ray example of Figs. 2 and 3. This example
shows that while the dominant effect is due to the heating term,
the effect due to the coupling term is also significant.
hard X-ray example of Figs. 2 and 3. Fig. A1 shows the evo-
lution of the 21-cm global signal, the coupling term, and the
heating term, with ( fRadio = 1000) or without ( fRadio = 0) an
excess radio background.
As discussed in Aˆg˘ 3, the excess radio background af-
fects the 21-cm signal in a number of ways, enhancing the
contrast between the spin temperature and the background
radiation temperature, decreasing the coupling coefficients,
and enhancing the radiative heating. While the enhanced
contrast between the spin temperature and Trad is the domi-
nant effect, in this example we can see that the reduced cou-
pling term is also important, producing a ∼ 20% effect. The
coupling term is reduced from ∼ 1 to ∼ 0.8 after the coupling
transition, due to the excess radio background. The reason
that the coupling term remains roughly constant (after the
initial rise) in the model with excess radio background is
that both the Ly-α and excess radio emission are propor-
tional to the SFR, so that, to a first approximation, the
redshift dependence cancels out in the coupling coefficient
(which is ∝ Jα/Trad, see Aˆg˘ 3). We note that in this example,
heating is dominated by X-rays, so the effect of the excess
radio background on radiative heating is negligible.
Next we show, in Fig. A2, the 21-cm global signal for
various models with high values of fRadio. This is the global
signal version of Fig. 2. Radio fluctuations only have a small
effect on the global signal, so the comparison case (of a
smooth radio background with the same mean intensity at
each redshift) is nearly indistinguishable from the full model
in each case. Both the strength of the radio background and
the X-ray spectrum strongly affect the global 21-cm signal.
APPENDIX B: FULL SET OF PARAMETER
CONSTRAINTS USING EDGES LOW-BAND
In this section we discuss the similarities and differences be-
tween the parameter constraints (Aˆg˘ 6) for the two excess
radio background models discussed in this paper: the main
model where the radio background is created by galaxies,
and the external radio background with a synchrotron radio
spectrum as explored by Fialkov & Barkana (2019).
In order to perform a direct comparison between the ra-
dio from galaxies and the external radio background models,
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Figure A2. The 21-cm global signal for different values of fRadio
(as indicated in the legend) and for two different X-ray SEDs:
soft (νmin = 0.1 keV, top) and hard (νmin = 1 keV, bottom).
Values of the other parameters are fixed (and match Fig. 2): Vc =
16.5 km s−1, f∗ = 0.1, fX = 1, α = 1. We show cases with the
full, fluctuating radio background from galaxies (solid) and with
the corresponding smooth radio background with the same mean
radio intensity at every z as in the fluctuating case (dashed).
Note that in this case the dashed lines are very similar to the
solid lines, meaning radio fluctuations do not have a significant
effect on the global signal. We also show the case with no excess
radio background (i.e., the CMB-only case, black dotted line).
we had to re-run the models of Fialkov & Barkana (2019) us-
ing the upgraded-physics simulation employed here (Aˆg˘ 2).
Compared to Fialkov & Barkana (2019), the updated sim-
ulation included Poisson fluctuations, multiple scattering,
and Ly-α heating (Aˆg˘ 2). We obtained 5077 updated models
with the external radio background, 530 of which agree with
EDGES.
Figs. B1 and B2 summarize the astrophysical con-
straints of the EDGES compatible models for the two radio
background scenarios. The biggest qualitative difference be-
tween the two models is the different redshift dependence: in
the model with a radio background from galaxies the radio
background builds up with time as it traces the star forma-
tion activity, and its intensity is greater at lower redshifts;
while in the external radio background case the intensity is
lower at lower redshifts. This difference is reflected in the
astrophysical constraints (predominantly on fX):
(i) As discussed in the main text, there is no constraint
on fX in the external radio background case, while for radio
from galaxies we find an upper and lower limit for soft X-
ray sources (νmin ≤ 1 keV) of 0.08 . fX . 10. For harder
X-ray sources these limits shift to higher values of fX as
such sources are intrinsically less efficient in heating up the
gas.
(ii) For the radio from galaxies model, lower values of fX
are allowed at higher f∗. This is because the overall heat-
ing rate (which is proportional to both f∗ and fX) has to
be above some threshold value to fit the narrow absorption
trough observed by EDGES. On the other hand, for the ex-
ternal radio background model, there is no lower limit on fX
for any value of f∗.
(iii) For a given f∗, the highest allowed Vc is slightly lower
for the radio from galaxies model, compared to the external
radio background model.
(iv) The lowest allowed f∗ = 0.035 is higher for the radio
from galaxies model, compared to the external radio back-
ground model, where it is f∗ = 0.019.
(v) The upper limit on Vc = 35 km s−1 is lower for the
radio from galaxies model, compared to the external radio
model, where it is Vc = 47.5 km s−1.
(vi) The minimum allowed value on the radio background
parameter is Ar = 1.9 for the external background, and
fRadio × f∗ ∼ 140 or fRadio ∼ 360 for the other model. It is
not possible to directly compare these quantities as they are
defined quite differently.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure B1. EDGES low-band parameter constraints for the external radio model. Models explored are shown in grey, and models com-
patible with EDGES low-band are shown in color. The horizontal dashed lines show the upper limit on Ar derived from ARCADE2/LWA1
measurements.
Figure B2. EDGES low-band parameter constraints for the radio from galaxies model. The explored parameters are shown in grey, and
models compatible with EDGES low-band are shown in color.
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